The Ordovician carbonatites of the Maigaiti slope have formed the conditions for the development of large oil and gas fields with karst reservoirs. This study systematically analyzed the isotopic characteristics of carbon, oxygen, and strontium and enrichment trace elements regularity to examine the geochemical features of the paleo-karstification products, various periods of paleo-karstification, and paleoenvironmental conditions of the Ordovician. Affected by terrigenous clasts, the Lianglitage Formation is composed of limestone with a relatively high 87Sr/86Sr value and a frequently fluctuating sea level, which exhibits an overall increasing-to-decreasing trend variation. Of all samples affected by the atmospheric freshwater leaching effect, δ18O values were negative, and δ13C values varied greatly toward both ends. The fissure/cave infills were rich in Fe and Mn but poor in Sr, and the Sr/Ba value was considerably less than 1, which confirms the existence of ancient weathered crust and the development of an atmospheric freshwater karst environment. Four different paleo-karstification periods were identified according to the carbon and oxygen isotopic characteristics of calcite. Combined with the trace element characteristics of the infills, the paleo-karstification in the Yingshan Formation was subdivided based on three hydrological environment conditions. Erosion modification of buried acid compaction-released water from late-period corrosion pores, caves, and fissures formed by syndiagenetic paleo-karstification and weathered crust bare paleo-karstification due to atmospheric freshwater leaching can significantly improve the reserving and permeability characteristics of the karst reservoir to develop a large paleokarst reservoir. 
Introduction
Paleo-karstification is a transformative process of soluble rocks by the action of ancient surface water and groundwater and the sum of resulting surface and underground geologic phenomena (Wang and AlAasm, 2002; Wen et al., 2014) . In domestic and global carbonatite rock strata, reservoirs formed by the result of paleo-karstification are very common and often develop large to very large oil and gas fields (Yang et al., 2011 ) that contain rich oil and gas resources (Kerans, 1988; Guo, 1993; Loucks, 1999; Chen et al., 2004) . Paleokarst carbonatite reservoirs are widely distributed in China. With the continuously expanding application of new technology and new methods for petroleum exploration, a large number of paleokarst reservoirs have been found in the Tarim Wu et al., 2012) , Qaidam (Feng et al., 2013) , Ordos (Xia et al., 2007) , and Sichuan basins (Zhang et al., 2011) . These findings have led to the development of various medium-and large-scale oil and gas fields such as the Tahe, Lunnan, Changqing, and Weiyuan. This outlook indicates that the paleokarst carbonatite reservoirs in China are highly promising with significant exploration potential (Jin et al., 2006) . Therefore, expanded research into paleokarst reservoirs in marine oil and gas exploration is crucial (Jia and Cai, 2004; Liu, 2007; Su et al., 2010) .
In recent years, researchers have applied geochemical characteristics in paleokarst reservoir research and have greatly promoted global research on paleokarst and diagenesis fluids (Shields et al., 2003; Veizer et al., 1999; Liu et al., 2012; Yan et al., 2005; Huang et al., 2008) .
The Maigaiti slope is located in the northern slope zone of the southwestern depression of the Tarim Basin, where oil and gas exploration remains at a relatively low level. Only the Bashituopu oilfield was found in the western Maigaiti slope . Nevertheless, a series of Ordovician marine carbonatite oil and gas fields has been discovered in the northern and central paleohigh areas of the Tarim Basin (Kang, 2007; Zhou, 2010) . Therefore, the discovery of replacement areas with a similar paleohigh background is of great importance in the exploration and development of oil and gas fields (Shi et al., 2014) .
Previous research has indicated that the Maigaiti slope and its marginal area developed paleohighs and formed multiple sets of reservoircap combinations, leading to migration and accumulation of hydrocarbons during various periods Zhao, 2012; Tian, 2013) . However, this exploration has not achieved a breakthrough in the past 20 years. Also, early research and exploration of the Maigaiti slope were focused on the Carboniferous system as a major target layer (Zheng, 1995; He et al, 1999; Zhou et al., 2006) ; Yang et al., 2007) . No studies on the formation The northwest-banded distribution of weathered crust in the Upper Ordovician Lianglitage Formation is developed south of the Upper Ordovician Sangtamu Formation mudstone pinch-out line. The strata are mainly based on the platform facies of mud and limestone, and the thickness of the biological debris is more than 400 m. The Maigaiti slope is based on the weathered crust of the Middle and Lower Ordovician Yingshan formations. The northeast locality exhibits the weathered crust of the Lianglitage Formation. The western Yingshan Formation is based on the open platform of the low-energy micrite development phase and has a lithological density. The eastern Yingshan Formation's top surface mainly presents high-energy particle and dust-grain limestone beach facies, mainly based on a thick layer of sparry calcarenite and micrite interbeds.
Paleo-karstification is a transformative process of soluble rocks by the action of ancient surface water and groundwater and the sum of resulting surface and underground geologic phenomena (Wang and Al-Aasm, 2002; Wen et al., 2014) . In domestic and global carbonatite rock strata, reservoirs formed by the result of paleo-karstification are very common and often develop large to very large oil and gas fields (Yang et al., 2011 ) that contain rich oil and gas resources (Kerans, 1988; Guo, 1993; Loucks, 1999; Chen et al., 2004) . Paleokarst carbonatite reservoirs are widely distributed in China. With the continuously expanding application of new technology and new methods for petroleum exploration, a large number of paleokarst reservoirs have been found in the Tarim Wu et al., 2012) , Qaidam (Feng et al., 2013) , Ordos (Xia et al., 2007) , and Sichuan basins (Zhang et al., 2011) . These findings have led to the development of various medium-and large-scale oil and gas fields such as the Tahe, Lunnan, Changqing, and Weiyuan. This outlook indicates that the paleokarst carbonatite reservoirs in China are highly promising with significant exploration potential (Jin et al., 2006) . Therefore, expanded research into paleokarst reservoirs in marine oil and gas exploration is crucial (Jia and Cai, 2004; Liu, 2007; Su et al., 2010) .
Previous research has indicated that the Maigaiti slope and its marginal area developed paleohighs and formed multiple sets of reservoir-cap combinations, leading to migration and accumulation of hydrocarbons during various periods Zhao, 2012; Tian, 2013) . However, this exploration has not achieved a breakthrough in the past 20 years. Also, early research and exploration of the Maigaiti slope were focused on the Carboniferous system as a major target layer (Zheng, 1995; He et al, 1999; Zhou et al., 2006) ; Yang et al., 2007) . No studies on the formation and evolutionary mechanisms of the deep paleokarst reservoirs in the Ordovician weathered crust have been reported, which has resulted in a lack of knowledge of this area's changing patterns. By using Ordovician carbonatite rocks and paleokarst fissure/cave-filling calcite as study subjects in addition to carbon-oxygen and strontium isotopes and trace element techniques, this study attempts to examine the development of paleokarst reservoirs and the larger paleoenvironment to provide geochemical evidence for the exploration and development of karst reservoirs.
Study area and methods

Study area
The Maigaiti slope is located in the southern Bachu uplift in the Tarim Basin ( Figure 1 ) and extends in a northwest-southeast direction with an area of approximately 5 × 104 km 2 . The Maigaiti slope is a foreland slope that was developed after multistage tectonic movement in a foreland basin southwest of the Tarim Basin with a regional southward-dipping shape. The current Maigaiti slope has an overall structure of large-scale broad and gentle slopes inclined to the south. Oil and gas resources in the foreland basin southwest of the Tarim Basin are abundant (Jin et al., 2006) , although progress has been limited due to the difficulty in exploration. Thus far, the Bashituopu oil/gas field with the Carboniferous system as the production layer in the west of the Maigaiti slope and the Hetianhe gas field with the Ordovician carbonatite rock-containing buried hill and Carboniferous system as the production layer in the Mazhatage tectonic belt on the northern border of the eastern Maigaiti slope have been identified. 
Samples and experiment
The trace element sampling layer is the Lower Middle Ordovician Yingshan Formation (O1-2y), from which a total of 37 rock-seam and karst cave infill pieces were collected including 12 pieces of seam-hole bedrock (limestone), 12 pieces of mechanical sand-shale infills, 8 pieces of chemical calcite infills, and 5 pieces of karst cave in karst breccia (limestone breccia). Testing and analysis were completed in the Karst Geological Resources and Environmental Supervision and Inspection Center of the Ministry of Land and Resources by using Axios X-ray fluorescence spectrometry to conduct measurements of trace elements in the sample. The measurement instrument is 2000 DV with a detection limit of 0.001%, an error of 0.002%, and measurement according to the Y/T05-1996 inductively coupled plasma (ICP) spectrum method.
In the analysis of carbon and oxygen isotopes, nine samples of the Ordovician bedrock drilling core and 45 samples of the paleokarst cave-filling calcite were used. Testing and analysis were completed in the Karst Geological Resources and Environmental Supervision and Inspection Center of the Ministry of Land and Resources. The accuracy of analysis adopted the Chinese national carbonate standards (GBW04405, GBW04406, GBW04416, and GBW04417) for correction and the level of carbon isotopes in carbonatite (NBS18) for monitoring. The standard deviation of δ 13 C and δ 18 O was 0.005‰ and 0.07‰, respectively. The test results are given in the Pee Dee Belemnite (PDB) standard; the test temperature and humidity were 25 °C and 60%, respectively.
In the Sr isotope analysis, 21 samples were obtained from the M2 well of the Lianglitage Formation of the Liang second section to the Liang fifth section (O3l [2] [3] [4] [5] ) bedrock and 2 were obtained from the Lower Yingshan Formation (O1-2y) bedrock; both are composed of limestone. The tests were performed in the Wuhan Geological Survey Center's Isotope Superclean Laboratory of the China Geological Survey. The instrument used is a MAT261 thermal ionization mass spectrometer with a testing standard obtained from a standard sample of the National Bureau of Standards of the United States. The measured value error (2σ) of 87 Sr/ 86 Sr was less than 0.006%. The chemical process adopted the general international standard, and separation and purification were performed by using a cation-exchange column following that performed in the sample solution. The entire process blank was <5 × 10 -10 g, the laboratory temperature was 22 °C, and the humidity was 50%. Sample collection of Ordovician limestone and the paleokarst seamhole filling calcite was performed at a buried depth range of 2023.32 -4698.30 m in the Yingshan (O 1-2 y) and Lianglitage formation (O 3 l) strata, and the sampling wells were distributed in the entire zone. A limited number of drilling cores was available because the exploration zone is new. Samples were collected on three separate occasions.
Results and analysis
Geochemical characteristics of Sr isotope
Because of the unique nature of the Sr isotope, it is widely applied in such fields as marine stratigraphic dating (Dingle et al., 1997; Denison et al., 1998) , global geological event comparisons (Crame et al., 1999; Jiang et al., 2001) , diagenesis fluid research (Huang et al., 2004; Roger et al., 2004) , and paleoclimatic and ancient marine environmental analyses (Huang et al., 2002; Shi et al., 2005; Liu and Ji 2008) . However, the application of the Sr isotope in the study of paleokarst reservoirs is a new concept. Few reports on this topic are available (Wen 2014; Zheng et al. 2008) ; only diagenesis effects appear in published reports that applied the trace elements of Sr and 87 Sr/ 86 Sr values (Montanez, 1994; Banner, 1995; Heydari, 2003) .
The Sr isotope analysis results ( Figure 4) , and its value was within the range of the Ordovician 87Sr/86Sr (0.7078-0.7092) from Shields et al. (2003) of brachiopod shell animal fossils and the ratio range obtained by Burke et al. (1982) and Veizer et al. (1999) Sr of this sample was higher than global normal of the marine carbonatite rocks in the Late Ordovician, which was 0.7078-0.7082 (Denison et al., 1998; McArthur et al., 2001 ). However, the O from 21 data points were −0.807‰ and −9.14‰, respectively . These results exhibited no significant differences from those of the central Tarim area TZ12 wells, in which the average values of δ 13 C and δ
18
O from four data points were −1.08‰ and −7.05‰, respectively (Jiang, 2002) . Moreover, they are similar to the average values of δ 13 C and δ
O in the eastern Lungu area, which from 25 data points were −1.40‰ and −10.74‰, respectively (Zhang, 2015) . The phenomenon of individual points shifting to the two ends was noted. The δ
O values in carbonatite bedrock were between −7.57‰ and −5.94‰, and the δ 13 C values were from −0.86‰ to 0.56‰.
Geochemical characteristics of trace elements
The test results (Table 3) show that the average range of Sr content in all types of bedrock and karst cave-filling calcite and karst breccia was between 132.564 × 10 -6 and 183.683 × 10-6, and the average content of Sr in karst cavefilling sand-shale was 77. 219 × 10 -6 . Overall, the Sr content values were less than the lower limit of the Sr content value (200 × 10 -6 ) in the accurate representation of homogenized seawater samples proposed by Derry et al. (1989) . The average Sr content value that best represents seawater micrite was only 183.683 × 10 -6 , which indicates leaching and dissolving of carbonatite rock by meteoric water.
The mean value of Fe content (1232 × 10 -6 -5651.8 × 10
-6
) in the karst cavefilling materials such as karst breccia, sand-mud rocks, and filling calcite was larger than that in bedrock (385 × 10 -6 -669.9 × 10 -6
). In addition, the Mn element content in the karst cave-filling calcite and karst breccia was higher than that in the bedrock, indicating that they were formed through complete open meteoric water karstification conditions Huang et al., 2008) because the respective contents of Sr and Mn are lower and higher in meteoric water than those in seawater (Walter et al., 2000; Huang et al., 2008) . Also, under oxidizing conditions, Fe and Mn in high states would be leached and filled by meteoric water in the matrix between the karst breccia fragments, and their contents would be very high (Wen, 2014) .
Because Sr and Ba are alkaline earth metals with similar chemical properties, they were separated owing to their geochemical behaviors in various environments. Usually, terrigenous sediments are relatively rich in Ba and poor in Sr, whereas marine sediments are relatively rich in Sr and poor in Ba. Thus, researchers have analyzed the changes in carbonatite rock salinity during the formation process by using the Sr/Ba ratio (He et al., 2004; Huang, 1990; Tao et al., 2009 ). Further, a Sr/Ba ratio greater than 1 indicates a marine sedimentary environment, whereas that less than 1 indicates a freshwater sedimentary environment. The Sr/Ba ratios for the three types of infills in the Ordovician karst cave in the Markit slope were considerably less than 1. This confirms that their formations are related to fresh water and proves the existence of ancient weathered crust karstification .
Also, multivariate statistical methods used to handle large amounts of data can summarize the trace element data according to the relationships of quantity, behavior, and characteristics and can provide a series of trends to draw a reasonable inference (Fan et al., 1999) . Correlation analysis was conducted on CaO and SiO2, which reflected the sand-shale rock composition and trace elements ( Table 4 ). The correlation coefficient of Cao and SiO2 was −0.991, illustrating that both were highly irrelevant; those of SiO2, P, Cr, Ba, Co, and Ni were greater than 0.8, indicating that similar to SiO2, the trace elements of P, Cr, Ba, Co, and Ni were enriched in sandstone and mudstone. The correlation coefficients of Zn, Pb, and Cd as trace elements were larger than 0.8, although the negative correlation was noted with P, Cr, Ba, Co, and Ni. These results imply that the enrichment mechanism of Zn, CD, and Pb differed from that of SiO2.
The mechanical filling in sand-shale was compared with that of bedrock. The former had a high combination of trace elements including P, Cr, Ba, Co, and Ni, indicating that its source was mainly exposed or shallow burial conditions in which sand-shale rich in P, Cr, Ba, Co, and Ni trace elements was weathered when flowing water entered the karst cave space. However, the Cu content in sand-shale reached 16.291 possibly owing to the burial conditions. The contents of heavy metal trace elements that easily migrated within compaction-released water or hot water in the karst cave was significantly higher than that in bedrock, even forming compounds with S. The correlation of calcite and bedrock was
Geochemical characteristics of carbon and oxygen isotopes
The geochemical characteristics of carbon and oxygen isotopes in the paleokarst have great significance in analysis of the origin and forming conditions of carbonatite sedimentary environment, diagenesis, and cementation filling (Zhang et al. 2011) . Different types of karst encountered different fluidic environments during the formation process; thus, the use of a geochemical method could better identify and distinguish various types of corrosion. The carbon and oxygen isotopic characteristics of carbonatite rocks and karst cavefilling calcite in Markit slope Ordovician are shown in Table 2 . Numerous test results using PDB as the standard showed that most modern marine inorganic carbonatite δ 13 C values are close to 0‰ ; the δ 18 O values are also close to 0‰ (Gu, 2000) . According to the sample test results (Table 2 
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relatively high, although the calcite was rich in Mn and poor in Sr. This indicates that the calcite formed in a meteoric water environment. The comparison between collapse breccia and bedrock revealed that although higher contents of P, Cr, Ba, Co, and Ni occurred in the collapse breccia, they were lower than those in the sand-shale filling. The average value of Sr was lower than that in the bedrock and higher than that in the sandshale filling, which reflects the cave development mode of cementation of collapsed bedrock roof by calcium shale. 
Environmental and geological significance of Sr isotope
The Sr isotope ratio is a sensitive indicator of sea level change. A geological period including a rise and fall of the sea level would cause changes in the sedimentary environment that are recorded in sedimentary carbonatite rocks in the same period; thus, changes in the Sr isotopic ratio in a rock can reflect the geological period of sea level settlement and ancient marine environment characteristics (Li and Guan, 2001) . With an increase in sea level, the weathering rate is reduced, surface runoff decreases, and surface rock weathering and denudation decreases. Moreover, a relatively small amount of Sr isotopes enter the oceans, resulting in a decrease in the marine Sr isotope ratio. However, a decrease in sea level leads to an increase in the marine Sr isotope ratio. Therefore, sea-level fluctuation and the 87 Sr/ 86 Sr value change is negatively correlated (Yan et al., 2005) . In their global Sr isotope study, McArthur et al. (2001) used locally weighted scatterplot smoothing (LOWESS) to establish a 0-509 Ma Sr isotope fitting curve; their results created a complete Sr isotope evolution curves at that time (Huang et al., 2004) (Figure 5a ). The Sr isotopic evolution curve in the Late Ordovician Lianglitage Formation sedimentary period was established by combining the Sr isotope data of Bachu reported by Zhao, 2013 and that of Central Tarim reported by Liu et al. (2012) (Figure 5b ). The Sr isotope ratios determined from the global curve fitting in the Late Ordovician (455 × 10 6 a -445 × 10 6 a) seawater displayed a monotonically decreasing trend with forwarding time whereas after 445 × 10 6 a, the 87 Sr/ 86 Sr ratio generally presented an upward curve trend, which had good consistency with the deposition from the sea level change of the Lianglitage Formation. This result reflects that the sea level change of the Markit slope had a relatively good correlation with Bachu (Zhao, 2013) , Central Tarim (Liu et al., 2012) , Laurentia (Ross and Ross, 1995) , and the Baltoscandian paleocontinent in the Late Ordovician ( Figure 5 ).
The isotope test results of M2 well carbonatite rock Sr (Figure 4 ) indicated many high 87 Sr/ 86 Sr values in the fifth Liang section at 1935-1960 m. The highest value, 0.70913, occurred in the middle of this section and may correspond to the closure of the southern Tianshan ocean in this period and the entry of large amounts of terrigenous detrital materials (Zheng et al., 2008) . Between the end of the fifth Liang section (O3l 5 ) and the fourth Liang section (O3l 4 ), sea levels underwent a slight decline and then increased at a relatively rapid rate, marked by the minimum 87 Sr/ 86 Sr ratio of 0.70851. This process may have been influenced by the Keping uplift, which offsets the sea level rise to a certain extent (Zhao, 2013) .
Between the fourth Liang section (O3l 4 ) and the third Liang section (O3l 3 ), the sedimentary environment changed to foreslope facies. The lithology was varied from nuclear-shaped limestone to marl and micritic limestone, and the stratigraphic thickness changed from thin to thick layers. Moreover, the 87 Sr/ 86 Sr values reached a low value of 0.70856, and the sea level rose significantly. During the period of the second Liang depositions (O 3 l 2 ), sea level began to decline gradually, and the sedimentary environment changed to platform sediment with an open platform. For the carbon isotopes, carbon is stored in two large carbon pools including organic carbon (carbon reduction) and inorganic carbon (carbon dioxide). The average value difference of δ 13 C between these two is about 25%. Therefore, of the factors affecting carbon isotopes in marine carbonatite rocks, oxidation and relative burial volume of organic carbon was the most important at that time (Huang, 1997; Wang et al., 2009) . When the relative burial volume of organic carbon was higher than the amount of oxidation, more 12 C entered the organic carbon, which made the δ 13 C value of the marine carbonatite rocks in the same period move toward the positive direction. Also, the increasing salinity of the deposition in the water medium would have caused increases in carbonatite δ 13 C (Clayton and Degens, 1959; Keith and Weber, 1964) ; atmospheric precipitation and terrestrial freshwater injection would have caused δ 13 C value decreases. Oxygen isotopes are greatly influenced by the temperature and the concentration of the medium. Moreover, the δ 18 O value will significantly increase with an increase in water media salinity in the sedimentary environment and a strengthening in evaporation (Clayton and Degens, 1959; Keith and Weber, 1964) . The δ 18 O values of calcite and bedrock fill in the Markit slope karst cave had negative characteristics such that the span of δ 13 C values was significant. This result is related to the Ordovician surface uplift, the overall open environment, meteoric water eluviation (Land, 1980; Rosen et al., 1989; Gasparrini et al., 2006) of widespread δ 12 C, and all δ 16 O of atmospheric CO3 2-sources (Veizer et al., 1999; Azmy et al., 2009) . The relationship diagram of δ 13 C-δ 18 O (Figure 6 ) indicates that the filling materials in the Markit slope Ordovician carbonatite fracture cave can be divided into four classes indicating differences in formation's environment (Table 5 ). O of the karst cave calcite was −9.28 ‰ to −5.76‰, and the δ 13 C was −1.60‰ to −1.07‰. The distribution ranges were similar to those of the limestone background value area. Individual points drifted toward both ends, indicating that the oxygen and carbon isotope compositions of the fractures and cave calcite were controlled mainly by δ 13 C and δ 18 O in the original rock, followed by subsequent freshwater leaching and transformation (Land et al., 1980; Rosen et al., 1989) . The values for some points of the δ 13 C displayed negative bias. Class II is weathered crust exposed in a karst freshwater filling environment. The δ
18
O values of the filling calcite were −11.24‰ to −6.21‰, and δ 13 C was between −5.02‰ and −2.06‰. Owing to the influence of fresh atmospheric water (Gasparrini et al., 2006) , the δ 13 C values were apparently smaller than the bedrock carbon isotope values, which were formed in the open environment.
Class III is a shallow buried karst environment. The δ 18 O values of the karst cave filling calcite were between −9.95‰ and −4.56‰, and the δ 13 C values were from 1.58‰ to 3.06‰. The δ13C showed obvious positive bias likely caused by decomposition and methanation (CH4) of organic matter caused by methane bacteria.
CH4 formed from biochemical processes was rich in d O values presented negative bias. Also, the diagenesis stage was a period of organic matter thermal maturation. A large amount of organic acid-based compaction-released water caused dissolution and alteration in the carbonatite rocks and early-stage fracture calcite. Moreover, it led to organic carbon injection, which resulted in δ 13 C loss and negative bias (Boni et al., 2000; Azmy et al., 2009 ).
Geoenvironmental significance of trace elements
The element content in a mineral is attributed mainly to the concentration and kinetic effect of that element in a precipitation solution (Huang, 1990) . Because seawater is an environment of low Mn and Fe, the contents of these elements are far less than those in fresh water. According to the characteristics of trace elements in all types of bedrock and infill examined in this study, paleokarst fractured reservoirs in the Markit slope Ordovician Yingshan Formation can be divided into the following three paleoenvironment hydrological conditions:
(1) Active oxidizability freshwater environment in the seepage-active hyporheic zone. During the karst process, surface clay or bauxite enters the underground karst fissure caves with meteoric water, which results in enrichment of Fe, K, Ti, P, Cr, Ba, Co, and Ni trace elements in the sandstone and mudstone in the cave. Also, cave collapsing breccia retains the characteristics of trace elements in the bedrock, although shale calcium cementation retains traces of the meteoric effect.
(2) Subcurrent stagnant freshwater environment. The calcite precipitates easily owing to the low flowability of the fresh water. Because the main components originate from the bedrock, they are affected by meteoric water, resulting in loss of Sr, and enrichment of Fe and Mn.
(3) Burial environment. Through changes in temperature and pressure, compaction-released water is formed and flows. This fact leads to migration and depletion of elements, particularly in the enrichment of heavy metals such as Zn, CD, Pb, and Cu due to the involvement of S in the chemical reactions.
Conclusions
(1) Markit Slope is located in the Hetian paleo uplift, which belongs to three large paleo uplifts in the Tarim Basin. Exposed Ordovician carbonatite weathered crust is widely distributed and is particularly developed in Penglaiba Formation (O1p), in which a cave-type karst carbonatite reservoir layer is developed. This area is ideal for the exploration and development of oil and gas in the Tarim Basin.
( O values of normal marine carbonatite rock. However, these values are similar to those in the Tarim River, Central Tarim, and the ancient regions. Four different formation environments are indicated: class I, a marine environment during the syndiagenesis stage; class II, exposed weathered crust karst freshwater filling environment; class III, shallow buried karst environment; and class IV, deep-burial high-temperature environment.
(4) The analysis results of trace element for weathered crust bedrock and filling materials in the Ordovician Yingshan Formation (O1-2y) showed that fissure/ cave infills are enriched in Fe, and Mn and are depleted in Sr, which means that that filling materials were formed in a freshwater environment with low salinity. Moreover, the Sr/Ba ratio was markedly less than 1, confirming the existence of ancient weathered crust and the development of freshwater karst. According to the correlation analysis of trace elements in the bedrock and karst fissure/cave infills, the paleokarst system in the Yingshan Formation can be subdivided into three hydrological conditions of paleoenvironment: an active oxidizability freshwater environment in a seepage-active hyporheic zone; a sub-current stagnant freshwater environment; and a burial in a hydrothermal water environment.
